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 Introduction 
Humans perceive objects surrounding them in the environment and represent them in an 
orderly fashion as a spatial representation, to navigate through the environment or to act on 
certain objects in the surrounding. We are consciously able to perceive and imagine object 
positions in a certain range of space in our minds (from the relation of objects on your work 
desk, to the relation of Ibaraki to Tokyo), and use this “image” to execute desired actions 
(reaching out to a cup of coffee on your desk, or to move from Ibaraki to Tokyo by car). Such 
an “image”, or spatial representation, is formed from multiple sensory inputs concerning 
space. For instance, in the case of the desktop “seen” object positions along with “felt” body 
positions are necessary to accurately reach out to the coffee cup. Multiple sensory inputs from 
vision, audition, haptics are combined to form a unified spatial representation which we can 
consciously perceive, or imagine. Questions arise as to how and where this spatial 
representation is formed, and whether multiple modalities add to form a unified spatial 
perception. The present study focuses on the haptic modality in forming spatial representation 
and investigates whether any haptic specific characteristics of spatial representations are 
observed, which will ultimately lead to addition of knowledge concerning the contents of a 
spatial representation. 
 There have been many previous research concerning spatial representations which have 
mainly focuses on the formation of spatial representations through vision. Edward Tolman 
(1948) was one of the first to present a theory concerning how space is represented in the 
brain, which he called the cognitive map theory. Starting from this theory, many other 
theories such as the egocentric model of spatial representation (Wang & Spelke, 2002), The 
skill theory by Grush (2000), and the FINST (FINgers of INSTantiation) theory by Pylyshyn 
(1989) have been proposed. The former two theories suppose an internal representation of 
space in the brain, such as a topological map of space projected onto the surface of the brain. 
The latter two theories take a different approach and propose that spatial representations are 
grounded on our action intentions to objects in the real world. The latter two theories 
highlight the importance of action and intention, in other words the effects that haptics play 
on the formation of spatial representations.  
 Research on haptic spatial representations have been conducted through tasks 
concerning haptic perception of orientations, highlighting deformations perceived space 
through the haptic modality. In these tasks participants are asked to align to rods to the felt 
parallel while being blindfolded. Results show that haptic perception of orientation is 
non-veridical showing systematic deviations dependent on the relative position of the rod in 
relation to the body (a rightward rotational shift for rods positioned to the right and a leftward 
 rotational shift for rods positioned on the left). These systematic deviations or shifts are 
suggested to reflect the effects of the egocentric reference frame which uses a body centered 
coordinate system. In other words, the orientation of the rod is perceived and a combination 
of distance and angle to the body and not in x and y axis coordinates. This highlights one of 
the key characteristics of haptic spatial representations, namely that the formed spatial 
representation is egocentric in nature and non-veridical. On the other hand visual spatial 
representations are known to be allocentric in nature. The location of an object in space 
perceived in an egocentric reference frame will result in the formation of a spatial 
representation which represents an objects position in a different position. Actions planned 
from this egocentric reference frame will reflect such deformations of the representation, 
resulting in a different action to be executed.  
 Sighted humans highly rely on the visual modality to perceive their surroundings. 
Therefore, sighted human beings are accustomed to forming and using allocentric spatial 
representations. However, as suggested from research on haptic perception of orientation, the 
haptic modality is egocentric in nature and suffers in forming an allocentric representation. 
This gap between the visually seen object position and the haptically felt object position is 
calibrated in daily life by directly looking at the hand in space and mapping the felt position 
of the hand onto a visual spatial reference frame. Such effects of vision on the perception of 
hand position have been observed in various studies. In all cases, the haptic representation is 
calibrated to fit the visual representation. However, there are situations where we are not able 
to calibrate our haptic sense to our visual sense, for instance when we are driving or when the 
surrounding is pitch black. In such situations we must rely on our other modalities to perceive 
our surrounding and in the case of peri-personal space, haptics plays a key role. 
 The present study conducted three main studies to investigate the formation of spatial 
representations through haptics. Although previous research on haptic perception of 
orientation have highlighted the non-veridical characteristic of haptic spatial representations, 
these researches have not yet to investigate how object locations are projected and represented 
as spatial representations. Therefore, in the first study we conducted a haptic layout 
reproduction task in which several objects were positioned in space and asked participants to 
reproduce the object relations. By observing the characteristics of reproduced object positions, 
we aimed to investigate how object positions in space are perceived. In the second study we 
conducted experiments to clarify that the observed characteristics of study 1 were a product of 
factors affecting the acquisition of spatial information through haptics, namely factors 
affecting the planning and execution of arm movements through space. We then investigated 
the origin to which arm movements are coded in relation to (the egocenter) of the egocentric 
 reference frame. This is of high interest as unlike in the perception of vision were the two 
eyes only move in two dimensions and images on the retina are also two dimensionao, the 
two arms can freely move in three dimesions, which many degrees of freedom resulting from 
wrist, elbow and shoulder joints. For such reasons different egocenters may be used in 
perceiving objects in space using the arm. The third study focused on the effects of different 
spatial references on the formed spatial representation. As highlighted from study 2, haptics is 
capable of coding objects in relation to many different frames of reference. This is not limited 
to the same modality but also to different spatial reference frames grounded on different 
sensory modalities. Therefore in study 3 we investigated the effects of presenting and lacking 
of a visual spatial reference.  
 
Empirical Studies 
Study 1. Characteristics of object to object spatial representation formed from haptics 
 In this study we used a haptic layout reproduction task. In this task participants were 
asked to remember the relations among three objects placed on a table while being 
blindfolded (learning phase). After learning the spatial layout of the three objects, one object 
was taken away from the table and handed to the participant and the participants task now was 
to place the object in the correct position (reproduction phase). The learning phase was 
always conducted in the space on the table in front of the participant while the reproduction 
phase could be conducted either in the front space on the table or on the right/left space of the 
table. In both cases two of the three objects were fixed to the table so that they could be used 
as landmarks or cues in deciding where to position the handed object. This was the crucial 
manipulation of study 1 as reproduction of object location in the front space can be conducted 
using both the allocentric and egocentric representation while reproduction in the right/left 
space can only be conducted accurately using an allocentric representation. Experiment 1 of 
study 1 was conducted on the horizontal plane with the learning phase in the front space of 
the table and reproduction in the right/left or front space of the table. Results of the 
reproduced position of the object showed greater absolute deviations when reproduced in the 
right/left space as compared to the front space, showing that there are deformations in the 
formed spatial representation. This point was further confirmed when analyzing the deviations 
in terms of directional deviations. The direction of the deviation was dependent on the 
relation of the reproduced object with respect to the other two objects in space. For example, 
when the positional relation of the reproduced object was to the right and above the other two 
objects, a deviational shift in a rightward rotational direction was observed. Such directional 
deviation was analogous to the systematic rotational deviations observed in the perception of 
 orientation. This systematic deviation shows that the haptic modality failed in perceiving the 
fixed two objects as being in allocentrically correct positions, therefore resulting in the third 
object to be positioned in a systematically deviated position. The results of study 1 taken 
together show that object locations in space are not represented in a veridical manner when 
spatial representations are formed from haptics. 
 
Study 2. Factors affecting the formation of haptic spatial representations 
 Previous research concerning haptic perception of orientation, the systematic rotational 
deviations are concluded as reflecting the use of a hand centered egocentric reference frame. 
This hand centered egocentric representation account stands in the perception of orientation 
where the hand is static, but seems unlikely to stand in the perception of object location as the 
arm and hand move throughout search and coding of position. As highlighted before, arm 
locations may be coded in relation many different reference frames. Therefore, a different 
egocenter to the hand, somewhere that is static during arm movement is likely to be the 
egocenter. In order to investigate this issue, we first investigated whether factors affecting the 
movement of the arm also affects the formed spatial representation. We first investigated the 
effects of gravity on the performance of the task as gravity will only effect the movement of 
the arm and not the posture of the hand. Results showed systematic deviations, not in any 
rotational direction but in the direction of gravity, showing that factors affecting the 
movement of the arm affect the formed spatial representation. To further confirm the effects 
of factors affecting perception of objects through arm movement, we conducted another 
experiment in which we controlled the final movement of the arm before reproducing objects 
in space. Results again showed the final direction of the arm movement affecting the formed 
spatial representation, confirming that a spatial reference frame with which arm movements 
are mapped onto form haptic spatial representations. We next conducted and experiment to 
investigate the position of the egocenter of this spatial reference frame. In this experiment 
participants were asked to align two objects to the felt center of their body. One stimulus was 
positioned at 80% arm length and acted as a standard stimulus (the position was fixed) and the 
other stimulus was the target stimuli which was positioned at 50% arm length and freely 
moving in the horizontal direction. Participants were blindfolded throughout the experiment. 
By calculating the coordinates of the point where the line passing the standard stimulus and 
the target stimulus crosses the front plane of the body, we are able to calculate the position of 
the felt center, in other words the egocenter, in perception of object locations using haptics. 
Results showed that participants used their right shoulder as the egocenter when perceiving 
object positions in space.   
  
Study 3. The effects of the existence or non-existence of an external spatial reference  
 Many participants from study 1 reported that the workspace in which the haptic layout 
reproduction task was conducted felt much larger than the actual experimental space. This 
report was very interesting as it suggests that the spatial representation formed changed as the 
participant carries out the haptic layout reproduction task while being blindfolded. This 
suggests that haptically formed spatial representations may be mapped onto different spatial 
reference frames which are not limited to the haptic modality. We investigate whether 
mapping arm trajectories onto an external spatial reference frame changed the characteristics 
of the formed haptic spatial representation. A similar experiment to study 1 was conducted, all 
with the exception that the workspace was covered with a cloth, thus a visual spatial reference 
of the workspace was now present. Effects of presenting a visual spatial reference frame 
decreased the magnitude of deviation, therefore showing that spatial information acquired 
through haptics can be mapped onto different spatial reference frames. As it is known that 
visual images are preserved for a while (up to 5 minutes in some cases) after derivation of 
vision, we hypothesized the expansion of space was due to changes in the reference frame to 
which arm trajectories had been mapped to. We designed a new task in order to investigate 
this point. In this task participants are asked to remember and reproduce the spatial layout of 
three objects placed on a table, similar to study 1. However, in this task participants are asked 
on the first and last trial to visually judge the position of the learned three object positions by 
pointing a laser pointer in a complete dark room. By adding this pointer task we investigated 
whether haptic spatial representations expand after continuous lack of visual input. 
Participants did indeed point further away after 20 minutes of blindfolding, showing that 
spatial representations expand after continuous lack of vision. Participants in the current 
experiment are asked to remember object locations presented on a table and therefore their 
attention is focused on where the object is in relation to the table. This type of representation 
is allocentric as object positions are coded in relation to other objects or landmarks, for 
instance the range of the table in this experiment. However, after undergoing the task while 
being blindfolded for a certain amount of time, the participant focuses their attention on the 
movement of their arms in order to accurately perceive the location of the object. This 
narrows the range of attention and in turn expands the spatial representation formed when 
mapped onto the initial range. In other words, a smaller spatial area is mapped onto a larger 
reference area, therefore producing a sense that perceive object locations were further away 
than they really were. We conducted further investigations as to characteristics which may be 
observed as a consequence of an expanded spatial representation. It has been shown from 
 previous studies that an altered body image affects perceived spatial characteristics using the 
altered body part. Since an expanded spatial representation means an expansion of perceived 
reachable space, we hypothesized that the expanded spatial representation increased in spatial 
resolution. Such increase in spatial resolution of the spatial representation was observed, 
showing that and expanded spatial representation is specialized for the haptic modality.  
 
Discussion and Implications 
 The present study aimed at investigating the characteristics of haptic spatial 
representations of peri-personal space through the perception of object-to-object locations. By 
presenting participants with a task that demands perception and reproduction of 
object-to-object locations, we aimed to investigate how object location perceived through 
haptics are represented and how they differ to the real world. In all three studies deformations 
of haptically formed spatial representations were observed, all with the exception that no 
systematic deviations observed when the spatial information acquired from arm movements 
were mapped to a visual spatial reference frame. Factors affecting the movement of the arm 
affected the direction of perceived object location. Taken together, the deformations observed 
in the perception of object locations in space are products of errors associated with arm 
movements that are mapped onto egocentric arm centered frames of reference.  
 The findings of the current thesis shed light into understanding the basis of human 
perception of space through the body, and through the body how humans interact with object 
in the surrounding. The results of the present study showed that humans are not able to 
accurately move our body. Therefore designs of user interfaces which fit these characteristics 
are needed. In addition to this, the results of the current thesis show that humans are capable 
of flexibly adapting to the situations at hand, using the most appropriate information to form 
spatial representation for the task at hand. This implies that there is no need to design user 
interfaces so that the machine fits the human, but that humans and machines can interact to 
form the “device”. Such two way interactions will be important when designing complex user 
interfaces in the future. 
 
